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Abstract

Electrical conductivity and Seebeck coefficient in regioregular poly(3-hexylthiophene) (RR-P3HT) doped with iodine (I,) have been studied
in temperature (T) range from 4.2 K to 300 K and from 77 K to 300 K, respectively. In spite of high doping rate (about 30%), RR-P3HT
doped with |, shows a semiconductive behavior in view of temperature dependence of both electrical conductivity and Seebeck coefficient.
Temperature dependence of electrical conductivity shows charge transport mechanism of thermally activated hopping below doping rate of
about 10% and variable range hopping above doping rate of about 10%. Temperature dependence of Seebeck coefficient shows that energy
between Fermi level and valence band decreases with increase in doping rate.

1. Introduction

Conjugated polymers are attracting much attention as active components
in electronic devices such as light emitting diodes and field effect
transistors (FETs). Conjugated polymers can be doped chemically, and
then their electrical conductivity varies from insulator to metal [1]. For
example, in polyacetylene doped with I, and poly(p-phenylenevinylene)
doped with AsFs, metal-insulator transition (MIT) are reported [1, 2, 3].
Increase in electrical conductivity is brought about by increase in
mobility of charge carriers [4]. In case of regioregular poly(3-
hexylthiophene) (RR-P3HT), mobility of charge carriers increased by
electrochemical doping [5], in contrast to many inorganic semiconductors
for which mobility decreases with increase in doping rate. Increase in
mobility with increase in doping rate may be explained in terms of
polaron-bipolaron transition of charge carriers [6]. Recently, we have
studied RR-P3HT doped by FET structure with Al,O; as gate insulator
[7]. For RR-P3HT doped by field effect, the mobility increased with
increase in gate voltage which corresponds to the doping rate in terms of
chemical doping. Doping rate of about 4% by field effect was
accomplished, but charge transport mechanism is semiconductive. In
case of field-effect doping, amount of doping is limited by breakdown
voltage of gate insulator. To increase more the amount of doping,
chemical doping is needed.

In this study, we doped I, into RR-P3HT for doping rate range from 2%
to 30% and measured temperature dependence of electrical conductivity
in RR-P3HT doped with I,.. We also measured temperature dependence
of Seebeck coefficient since thermopower is hard to be influenced by
impurities and disorder in polymer structure in contrast to the charge
transport on electrical conductivity.

2. Experimental

RR-P3HT (head-to-tail ratio: 98.5%) was purchased from Aldrich
Corporation. RR-P3HT was dissolved in CHCI3 solution until saturation
(about 20wt%) at room temperature, at 1 atm, under NH3 gas atmosphere.
Then RR-P3HT was drop-cast on mylar film. Thickness of RR-P3HT
film was about 1 12 m.

For doping rate range from 2% to 10%, doping was carried out by
exposing the film to sublimated I, [2]. For doping rate range from 10%
to 17%, doping was carried out by immersing the film in agueous
solution containing KI (0.50 M) and I, [8]. For doping rate range from
17% to 30%, doping was carried out by exposing the film to thermally
evaporated |, gas. The doping rate was defined as the number of Is per
thiophene ring [9]. The number of Is” and thiophene ring were cal culated
from the weight of RR-P3HT film before and after doping. Doping rate
of more than 30% could not been achieved by any method.

Electrical conductivity was measured with a Keithley 2000 digital
multimeter in temperature range from 4.2 K to 300 K under low vacuum
(about 0.1Pa). Seebeck coefficient was measured with a HP34420A
digital nanovoltmeter in temperature range from 77 K to 300 K under low
vacuum (about 0.1Pa) using Cu-constantan thermocouples. Typical
temperature gradient was set about 3 K.

3. Resultsand Discussion

3.1 Electrical conductivity measurement.

Fig. 1 shows temperature dependence of electrical conductivity in the
range from 4.2 K to 300 K. At each of doping rate, RR-P3HT doped with
I, indicates semiconductive behavior in which electrical conductivity
decreases with decrease in temperature. In spite of high doping rate as
much as 30%, RR-P3HT doped with I, did not turn into metal. Recently,
Y amamoto reported that pressed RR-P3HT powder doped with 1, showed
metallic behavior [10], and Fukuhara also reported that pressed poly(3-
methylthiophene) powder doped with PFg” showed metallic behavior [11].
According to their results, it is nesesarry to apply pressure in addition to
the high doping rate to obtain metallic behavior of RR-P3HT.

Conductivity of semiconductive polymers is explained in terms of
thermally activated hopping given by

0=0,ep(- kE—AT) [1

where o, is a constant, Ex is an activation energy, kg is Boltzmann
constant.  In this case, charge carriers are activated by thermal energy
from traps, and hop to the nearest site. At low doping rates (2% -10%),
the conductivity obeys eqg. [1] as shown in Fig. 2 (a). At high doping
rates of more than 10%, the conductivity is more likely to be explained in
terms of variable range hopping given by

1

T 1
g =0, ep(~()*) [2

where T, is constant, as shown in Fig. 2 (b). In this case, charge carriers
hop to sites of equal energy with the help of tunnel effect, implying larger
density of state at Fermi level. Transformation of charge transport
mechanism from thermally activated hopping to variable range hopping
with increase in doping rate may indicate increase in density of state at
Fermi level.

3.2 Seebeck coefficient measur ement.

1E+02

1.E+00 + 28.7%

O 17.8%

T 1E-02 X 154%

z X 9.83%

© 1504 | 89.62%

& 527%

1E-06 [ 0231%
1.E-08

0 50 100 150 200 250 300

T [K]

Fig. 1. Temperature dependence of electrical conductivity in RR-PSHT
doped with I.
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Fig. 2. (@) T and (b) T* dependence of electrical conductivity for RR-
P3HT doped with I.

Fig. 3 shows temperature dependence of Seebeck coefficient in the range
from 77 K to 300 K. Seebeck coefficients are positive a each doping rate,
indicating that charge carriers in RR-P3HT doped with |, are positive
carriers. Although Seebeck coefficient decreases with increase in doping
rate, RR-P3HT doped with |, is semiconductive even at high doping rate
as much as 25%. Temperature dependence of Seebeck coefficient for
semiconductor is explained by

S:&(ﬁ+§+r) [3]

q ke T 2

where q is the electron charge, Er and Ey are energies a Fermi level and
valence band, respectively, r is constant which is generally either -1/2 or
+3/2. Fig. 4 shows relation between Er - Ey and doping rate. Er - Ey
decreases with increase in doping rate. This agrees with the change in
activation energy of mobility observed for field-effect doping [7].
Doping rate of about 10% seems to be the inflection point, decrease in Ex
- Ev gradually accelerates before this point and decelerates after this point.
This is in agreement with the doping rate at which the transformation of
charge transport mechanism from thermally activated hopping to variable
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Fig. 3. Temperature dependence of Seebeck coefficient in RR-P3HT
doped with I.
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Fig. 4. Relation between Er - Ey and doping rate in RR-P3HT doped with

l2.

range hopping occurs. It is possible that polaron-bipolaron transition
occurs at doping rate of about 10%.

4, Conclusion

We have measured temperature dependencies of electrical conductivity
and Seebeck coefficient in RR-P3HT doped with I,. Temperature
dependencies have proved that RR-P3HT doped with |, remains
semiconductive even at high doping rate. By analyses of temperature
dependence of electrical conductivity, charge transport mechanism is
explained by the thermally activated hopping in low doping rate (2% -
10%) and variable range hopping in high doping rate (10% - 30%).
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